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Abstract—At present, the incidence of hand dysfunction 
caused by diseases such as cerebral palsy or stroke is increasing 
year by year. For the rehabilitation of hand dysfunction, in 
addition to surgical treatment, effective rehabilitation exercise 
is also particularly important. Hand rehabilitation robot is a 
new rehabilitation instrument developed gradually based on the 
theory of human rehabilitation medicine, which can effectively 
treat patients with limb disorders. Therefore, it is necessary to 
design a safe, stable and portable hand rehabilitation robot. This 
paper presents a portable and dexterous hand function 
rehabilitation robot finger joint based on underactuation. This 
model can reduce the number of drive sources to simplify the 
mechanical structure, and achieve a separate control function 
for each finger. In order to verify the correctness of the structure, 
the kinematic simulation analysis of the skeleton model of the 
structure is carried out. The results show that the velocity 
acceleration of the finger changes steadily under the driving of 
the model, and the bending Angle can reach the specified value. 
The kinematics model of rehabilitation robot with 
underactuated hand function designed in this paper is verified 
to be correct, which can effectively carry out rehabilitation 
treatment for patients' affected limbs. 
Keywords—Rehabilitation robot, kinematics simulation, 
underactuated robotics 
I. INTRODUCTION  
Among patients undergoing surgery due to trauma or 
hand diseases, hand dysfunction caused by lack of follow-up 
functional exercise is the most common occurrence [1]. Hand 
dysfunction will seriously affect patients' daily life, 
production, labor and other aspects, and will cause great 
psychological pressure on patients. The rehabilitation process 
of hand function is very long and requires continuous 
rehabilitation training of the patient's fingers [2,3]. For the 
former rehabilitation process of hand function, rehabilitation 
doctors need to continuously perform rehabilitation training 
of passive bending and stretching of patients’ fingers, which 
greatly increases the workload of rehabilitation doctors and 
aggravates the strain of medical resources. At the same time, 
patients in medical institutions for a long period of artificial 
treatment costs higher, the general family is difficult to bear. 
Therefore, how to effectively conduct rehabilitation training 
for patients with hand function, collect rehabilitation data of 
patients, provide real-time and accurate exercise data for 
doctors, and intelligently formulate rehabilitation strategies 
has become an urgent problem to be solved in the field of 
rehabilitation medicine. 
In recent years, robotics has been widely applied in the 
field of rehabilitation therapy [4-6]. The robotic equipment 
assists patients’ affected limbs to perform repetitive task 
exercises [7-9], so as to conduct rehabilitation therapy for 
patients' affected limbs, and the modified treatment method 
has been proved to be effective in reorganizing the 
representation of the human motor cortex [10,11]. For 
patients with hand dysfunction, hand function rehabilitation 
robot is gradually used for auxiliary training to achieve the 
rehabilitation effect of the hand. Compared with traditional 
rehabilitation treatment methods, manual rehabilitation robot 
can effectively relieve the strain of medical resources in 
hospitals and reduce the cost of rehabilitation training for 
patients with hand function. At the same time, it can obtain 
the data signal of the patient's hand stress and bend, so as to 
realize intelligent rehabilitation training. To develop a user 
system of the rehabilitation robot, it can monitor the patient’s 
recovery status in real-time on the computer. It can also make 
it more convenient for rehabilitators or patients. 
The research and development of hand-functional 
rehabilitation robots combines rehabilitation medicine 
[12,13], robotics [14], computer technology [15,16], 
structural mechanics [17], bionics [18] and other fields. At 
present, hand functional rehabilitation robots can be divided 
into two categories according to different materials: rigid 
hand functional rehabilitation robots [19-21] and flexible 
hand functional rehabilitation robots [22-24]. The research 
and development of hand functional rehabilitation robot is 
also a challenging and practical field, for which many 
researchers have done a lot of research work. Yongkang Jiang 
et al. [25] designed a hand functional rehabilitation robot with 
fishbone biomimetic structure based on PneuNets bend 
actuators [26], and realized different bending shapes to assist 
finger bending during soft brake expansion. Arata et al. [27] 
used a three-layer sliding spring mechanism to develop a set 
of flexible hand-functional rehabilitation robot, which 
controlled the spring sheet to flex in the outer structure 
through a single motor, so as to control the bending of the 
hand-functional rehabilitation robot. Haghshenas et al. [28] 
developed a flexible hand functional rehabilitation robot 
based on a hybrid brake system, using a flexible bellows-type 
soft brake and a semi-rigid structure [29]. 
At present, there are still many technical difficulties to 
overcome, such as complex mechanical structure; It is 
inconvenient for patients to wear; Each finger cannot perform 
a separate rehabilitation movement; The device adopts rigid 
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devices and structures, and its safety needs to be improved, 
but it can provide enough driving force to help patients with 
rehabilitation training. The flexible hand rehabilitation robot 
has the advantages of light structure, high safety, and low cost 
[30]. However, its target diseases of hand dysfunction are 
limited, and most of them are targeted at stroke patients. 
Therefore, it is not suitable for the rehabilitation of some 
patients with stiff fingers due to its small bending force.  
This work presents a finger joint model of a portable 
rehabilitation robot with dexterity and stable strength. 
Reasonable underactuated mechanism [31] can effectively 
reduce the complexity of the structure, reduce the weight of 
the structure, and the motion is flexible. In this paper, the 
kinematics model of the single finger joint of the hand 
functional rehabilitation robot is designed. By constructing 
the skeleton model of the underactuated hand rehabilitation 
robot, the kinematics and dynamics of the robot are simulated 
and analyzed. 
The other contents of this paper are as follows: In Section 
2, the motion diagram of the rehabilitation robot with hand 
function is constructed and its kinematic principle is 
analyzed; in Section 3, the virtual prototype simulation model 
of the rehabilitation robotics for hand function is established 
and its kinematic simulation is analyzed; in Section 4, the 
conclusion is drawn. 
II. ESTABLISHMENT OF KINEMATICS MODEL OF HAND-
FUNCTIONAL REHABILITATION ROBOT 
For the design and implementation of the rehabilitation 
robot with hand function, we must first consider several 
design principles: It can support rehabilitation training of 2-5 
metacarpal and phalangeal joints, and realize passive bending 
training of fingers and independent control of joints.  It is 
simple to wear and can be sized to fit or adjust the palm of a 
normal adult. 
Based on the above research foundation, it is necessary to 
design a hand functional rehabilitation robot based on the 
miniaturization of underactuated mechanism, multi-function, 
multi-freedom design, sensor system integration, and other 
comprehensive aspects. Before designing the mechanical 
structure of hand functional rehabilitation, it is necessary to 
determine the degree of freedom of the mechanism. For the 
hand function rehabilitation robot, it needs to be worn on the 
human hand, so it needs to meet the freedom degree of each 
finger activity. However, according to rehabilitation needs, 
the flexion of metacarpophalangeal joint and middle knuckle 
should be rehabilitated, without considering the adduction 
and abduction of metacarpophalangeal joint of 2-5 knuckles. 
Therefore, the free degree of the 2-5 finger single-finger 
actuator of the manual functional rehabilitation robot is 
positioned at 2 degrees of freedom. However, due to the small 
space of the hand, the underactuated structure is considered 
to reduce the number of actuators. 
The kinematics model of the rehabilitation robot is 
established, the coordinate system of the hand-functional 
rehabilitation robot is determined, and the components of the 
hand-functional rehabilitation robot are simplified. The 
components and motions of proximal joint actuators and 
distal joint actuators are named. Since the principle of 
kinematics analysis of five fingers is the same, this paper 
takes the index finger actuator as an example to carry out 
kinematics analysis. The flexion and extension of the index 
finger joints around the Z-axis are considered only, and the 
adduction and abduction of the index finger joints around the 
Y-axis are not considered. The kinematics model of the 
forefinger functional rehabilitation robot is shown in Fig 1. 
Points A, B and C are metacarpophalangeal joint, proximal 
interphalangeal joint and distal interphalangeal joint 
respectively. AB represents the proximal knuckles, BC 
represents the middle knuckles, θ1 is the Angle at which the 
proximal knuckles bend, and θ2 is the Angle at which the 
middle knuckles rotate. l2 bar is used as the power input in 
the driving mechanism of the proximal knuckle, and the 
rotation of l2 bar drives the movement of a-bar, thus driving 
the proximal knuckle to bend. The movement of l2 bar can be 
converted into the form of sliding guide bar, which is driven 
by the electric push bar in the designed sliding guide rail. This 
drives the proximal knuckle to bend at the corresponding 
Angle. The mechanism has a fixed trajectory and good 
controllability and can control the bending Angle of the 
proximal knuckle by controlling the expansion and expansion 
of the electric push rod. The connecting rod in the mid-end 
knucklehead actuator is respectively represented by a, b, c, 
and d. The motion of the a-bar is the input, while the other 
three bars are not fixed, so the actuator of the mid-end joint 
is underdriven. The second section USES underactuated 
structure, which reduces the number of driving elements and 


















Fig. 1. Kinematics model diagram of hand functional rehabilitation robot. 
 
In Figure 1, point B of the proximal interphalangeal joint 
can be uniquely determined by the motion of rod l1. When θ1 
is changed, the coordinates of point B can be expressed as: 
xB=l1*cosθ1 (1) 
YB=l1*sinθ1  (2) 
The motion of the proximal knuckle brake is relatively 
simple, and the position, speed and acceleration of point B 
are related to the input speed of the electric push rod. It can 
be seen from the model of the hand functional 
rehabilitation robot in chapter 2 that the connection of the 
electric putter is point D. Set the driving speed of the 
electric push rod as v1, and the angular velocity of the 
proximal knuckle motion can be pushed as follows: 
  ω1=v1/l2  (3) 
Journal of Robotics and Control (JRC) ISSN: 2715-5072 339 
 
Xuanren Zhu. Underactuated Rehabilitation Robotics for Hand Function 
The middle knuckle actuator is a vector quadrilateral 
composed of {a,b,c,d}. From the vector relation, it can be 
obtained as follows: 
 acosφ1+dcosθ2-ccosθ3-bcosθ4=0 (4) 
asinφ1+dsinθ2-csinθ3-bsinθ4=0 (5) 
Where φ1 is the fixed value controlled by the structure 
movement of the proximal knuckle. θ4 is the input to the 
underdriven structure; The values of θ2 and θ3 are unknown, 
and you need to find the corresponding expressions for 
them by using the corresponding equations. By calculating 
the first derivative and the second derivative of the 
formula, the related information of the structural velocity 



















































III. KINEMATIC SIMULATION ANALYSIS OF HAND-
FUNCTIONAL REHABILITATION ROBOT 
Overall structural design mainly have two bottom-up and 
top-down design principle, the structure of the top-down 
design principle is through the design goal to establish virtual 
prototype model of a product, virtual prototype model 
function structure analysis, verify its performance index, 
based on the analysis of constantly optimize the structure, 
top-down design principle can effectively improve the quality 
of the design of the product, greatly shorten the design cycle 
of the product. Therefore, after designing the mechanical 
structure of the functional rehabilitation robot, it is necessary 
to carry out the simulation analysis of the dynamics and 
kinematics of the mechanical structure. Analyze information 
on the position, velocity, acceleration, and force of the 
recovery manipulator. After analyzing the structure to meet 
the performance indexes of the manual functional 
rehabilitation robot, the mechanical parts of the manual 
functional rehabilitation robot can be processed and 
assembled. If the performance indicators of rehabilitation 
training cannot be reached, the mechanical structure shall be 
improved until the simulation results meet the indicators of 
rehabilitation training. 
Based on the design objective and basic function model 
of the hand-functional rehabilitation robot, the corresponding 
skeleton model is constructed in ADAMS, and then the 
corresponding constraints and driving conditions are set to 
carry out kinematic simulation analysis on the simulation 
model. For the hand functional rehabilitation robot, the 
skeleton model is composed of different spatial components, 
which ignores the specific geometric shape and various 
dimensional details of the 3D model and only needs to define 
the constraint relationship between its spatial components 
and key geometric dimensions, which greatly improves the 
efficiency of simulation analysis and gets relatively accurate 
calculation results. 
The structure design optimization process of the skeleton 
model based on the manual functional rehabilitation robot is 
shown in Fig 2. First of all, based on domestic and foreign 
product research, technical research, and other work to 
determine the product design objectives; According to the 
design objective, the two-dimensional motion diagram and 
kinematic model of the product are constructed, and the 
kinematic principle is analyzed. The skeleton model is built 
based on virtual prototyping technology, and the kinematics 
simulation analysis is carried out to verify whether the design 
meets the requirements. If it meets the requirements, the 
detailed design of the 3D model is carried out; if not, the 
kinematics model of the hand-functional rehabilitation robot 
is redesigned. 
 
Fig. 2. Flow chart of rehabilitation robot design. 
 
The dynamic analysis results of the skeleton model based 
on the hand-functional rehabilitation robot are shown in Fig 
3. The motion trajectory of finger joints can be determined by 
the joint coordinates. The X-axis and Y-axis coordinates of 
the proximal knuckle and middle knuckle joints were 
measured. Sh1i_x is the X-axis coordinate of the proximal 
knuckle in the coordinate system with the origin of the index 
finger joint, shi1_y is the Y-axis coordinate of the proximal 
knuckle in the coordinate system, shi2_x is the X-axis 
coordinate of the middle knuckle in the coordinate system, 
and Shi2_y is the Y-axis coordinate of the middle knuckle in 
the coordinate system. 
 
Fig. 3. Coordinate chart of motion of each knuckler. 
The X-axis coordinate of the two knuckles is taken as the 
X-axis parameter of the curve, and the Y-axis coordinate of 
the two knuckles is taken as the Y-axis parameter of the 
curve. Under the action of the finger-hand functional 
rehabilitation robot, the coordinate trajectories of each joint 
can be plotted, as shown in Fig 4. 
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Fig. 4. Trajectory diagram of each knuckle. 
 
The trajectory curve of finger joints during movement can 
be measured and plotted, and the movement of fingers under 
the action of the hand function rehabilitation robot can be 
roughly seen. By measuring the rotation angle of each joint 
in the process of moving, the relationship between the 
rotation angle of the finger in the process of motion and the 
time and the stretching amount of the electric push rod can be 
seen more intuitively, which is of great help to the motion 
control in the later stage. (a) is the relation curve of the 
bending angle of proximal knuckle over time. (b) is the 
relation curve of the bending Angle of the middle knuckle 
over time. 
 
Fig. 5. Curve of proximal and middle knuckle bending angles. 
 
When the movement time is set at 2s, that is, the push-rod 
can be extended by 20mm. The maximum bending angle of 
the proximal knuckle was 67.17°, and the maximum bending 
Angle of the middle knuckle was 83.96 °. It can reach the 
performance index set by the manual rehabilitation robot. In 
addition, it is necessary to measure the angular velocity and 
angular acceleration of the finger in the process of motion. 
The angular velocity, angular acceleration, and angular 
acceleration of the node between the proximal knuckle and 
the distal knuckle are measured.  
As shown in Fig 6 below, shi1_jiaos is the angular 
velocity of the proximal knuckle rotation, shi2_jiaos is the 
angular velocity of the middle knuckle rotation, shi1_jiaoa is 
the angular velocity of the proximal knuckle rotation, and 
shi2_jiaoa is the angular acceleration of the middle knuckle 
rotation. The structure can ensure the safety of patients in the 
process of rehabilitation. 
 
 
Fig. 6. Angular velocity and angular acceleration curves of each knuckle. 
 
IV. CONCLUSION 
This work presents a finger joint model of a portable 
rehabilitation robot with dexterity and stable strength. 
Through the design and kinematic simulation analysis of 
finger joints of the rehabilitation robot with hand function, 
and the comparison of design objectives and simulation 
results, it is concluded that the designed structure can 
effectively rehabilitate patients with hand function disorder. 
The device adopts underactuated mechanism driving mode, 
which improves the portability and flexibility of the device 
and reduces the complexity of the structure. Through 
kinematic and dynamic simulation analysis, the results show 
that the maximum bending Angle of the proximal knuckle of 
the mechanism is 67.17 degrees, and the maximum bending 
Angle of the middle knuckle is 83.96 degrees. It can reach the 
performance index set by the manual rehabilitation robot, and 
the angular velocity and angular acceleration of the two joints 
change gently in the process of motion, which verifies the 
correctness of the mechanism. 
In the hands of traditional rigid rehabilitation machinery, 
a fully driven structure is usually adopted [32], that is, a 
driving unit is added to each curved joint of a single finger, 
which greatly increases the complexity of the structure. At 
the same time, due to the addition of driving units in each 
finger joint, the matching requirements of the finger bending 
joint position are extremely high, which cannot be well 
adapted to rehabilitation training of different human hand 
size, and the adaptability is not high. In this paper, the 
underactuated structure design is carried out for the hand 
functional rehabilitation robot to reduce the number of power 
sources of the mechanism, so that the structure of the hand 
functional rehabilitation robot can be simplified and move 
flexibly. In addition, the matching requirements for bent 
joints are not high, and it can be adapted to wear with 
different finger sizes. 
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